ABSTRACT A regional climate model driven at the lateral boundaries by ensemble integrations of a general circulation model (GCM) is used to investigate 1) the large-scale circulation anomalies associated with tropical sea surface temperatures (SSTs) that lead to extreme rainfall anomalies during January-May of 1983 (dry) and 1985 (wet) in tropical South America, and 2) the sensitivity of the nested model results to the choice of domain. The nested model is composed of the Regional Climate Model (RegCM) and the Community Climate Model version 3 (CCM3), both developed at the National Center for Atmospheric Research.
Introduction
In the second phase of a methodology to test a nested modeling system for tropical and subtropical South America a regional climate model (RCM) is driven by general circulation model (GCM) ensemble forcing in a series of simulation and sensitivity experiments focused on warm season rains.
A number of research efforts are currently in progress to test and evaluate dynamical methods, using RCMs, for downscaling GCM results on seasonal and interannual timescales (Nobre et al. 2001; Chou et al. 2000; Sun et al. 1999; and others) . There is an expectation that higher-resolution regional climate models can ''add value'' to the seasonal climate prediction of a GCM by improving the spatial and temporal patterns of regional rainfall resulting from complex topography and/or land use, as well as from improved resolution of mesoscale circulation systems. The work presented here is the sec-ond part of a larger strategy to explore the potential and limitations of a nested modeling system for seasonal prediction over South America.
This work is based on three premises: 1) there exists predictability on seasonal timescales in the region of tropical South America, particularly in northeastern Brazil; 2) current GCMs exhibit good anomaly correlation skill in the region when forced by observed sea surface temperatures (SSTs); and 3) regional climate models with high-resolution limited-area domains have demonstrated improved spatial patterns of rainfall resulting from topographic and surface forcing.
Nordeste is the semiarid region of northeastern Brazil, in which 40% of the population is dependent on a single rainy season from February to May for rain-fed, subsistence agriculture. Coherent relationships between seasonal rainfall and the phase of El Niño-Southern Oscillation (ENSO) have been described for northeast Brazil with mechanisms related to an eastward shift in the Walker circulation such that the subsiding branch is located over equatorial eastern South America, and teleconnections result in off-equatorial anomalies in the tropical Atlantic that strongly influence the location of R O J A S A N D S E T H the intertropical convergence zone (ITCZ) in the late austral summer (Hastenrath and Heller 1977; Ropelewski and Halpert 1987; Aceituno 1988; Wallace et al. 1998) . Pacific SST and rainfall are also shown to be related in the eastern Amazon (Liebmann and Marengo 2001; Uvo et al. 1998) .
Atlantic SST anomalies also have an influence on the strength and location of the Atlantic ITCZ (together with ENSO) and therefore rainfall over Nordeste. Chiang et al. (2002) concluded that the Walker circulation suppresses rainfall in the ITCZ, but does not affect its position, whereas a warm north-cold south SST gradient in the tropical Atlantic influences the position of the ITCZ (keeping it to the north). Uvo et al. (1998) found the converse (cold north-warm south) to be correlated with positive rainfall anomalies in Nordeste. However, when this pattern is present at the same time as a strong ENSO event, the drought conditions forced by ENSO prevail over the wet conditions forced by the Atlantic SST anomalies (J. Ronchail 2001, personal communication) .
The observed relationships between seasonal rainfall and ENSO, lead to early seasonal predictions using Southern Oscillation-related predictors (Walker 1928) and to several recent successes (Hastenrath 1995; Ward et al. 1991) . Graham (1994) demonstrated the skill of a GCM prediction for the region using persisted SST, and Bengtsson et al. (1993) proposed the use of a twotiered method wherein equatorial SST is predicted and used to force an atmospheric GCM to produce seasonal forecasts. This method has been further refined and implemented by Mason et al. (1999) using three different GCMs all of which exhibit significant anomaly correlation skill in tropical South America, particularly northeastern Brazil. However, the horizontal resolution of the GCMs employed in these experimental forecasting methodologies remains approximately 2.8Њ (or roughly 250 km), which only marginally resolves the Andes Mountains and smoothes the substantial east-west gradients in rainfall observed in equatorial Brazil.
Thus, the predictability in the region, the apparent skill of the models, and the perceived need for information in higher spatial and temporal scales have combined to create a substantial interest in downscaling with regional climate models. The results of Nobre et al. (2001) show that a nested model can improve on the seasonal evolution of rainfall and also the width of the tropical convergence zone simulated by the GCM. Earlier Giorgi et al. (1998) showed that the RegCM was able to modify and improve the simulation of largescale summertime precipitation over the central United States, as a result of improved resolution of the Rocky Mountains. As these efforts are relatively recent, there remain a number of questions related to the use of a regional climate model for predictability and experimental forecast studies.
A methodology was defined in Part I of this work (see Fig. 1 of Seth and Rojas 2003, hereafter Part I) . This experimental approach examines the GCM and RegCM biases independently prior to nesting the models. In Part I, the RegCM experiments were driven by reanalyzed atmospheric forcing and designed to test the sensitivity of the seasonal simulations 1) to changes in large-scale atmospheric (or remote) conditions by selecting two extreme seasons-dry and wet; 2) to changes in surface forcing (i.e., local land-use and soil moisture); and 3) to changes in domain size (i.e., the location of boundary forcing and scales resolved by the RegCM).
In Part II, an ensemble of GCM-nested model simulations are performed for the same two extreme seasons. In this paper we report on the GCM-driven RegCM experiments, which are designed to test 1) the ability of the nested model to simulate the circulation and rainfall in these two extreme seasons, given the large-scale atmospheric conditions simulated by the GCM and applied at the lateral boundaries of the limited area domain for each of three ensemble members; and 2) the sensitivity of the nested model results to choice of domain, which can affect the quality of the boundary conditions and the spatial scales represented within the RegCM domain. A comparison of the RegCM driven by two independent sets of atmospheric boundary conditions (reanalyses and GCM) permits the isolation of some error sources that, in this early stage of nested model development and in the absence of a nested model climatology, will prove to be valuable.
The remainder of this paper is organized as follows: section 2 explains the experimental approach and provides details on the models and data used. Section 3 contains the results of the GCM-driven RegCM runs for the control domain, and the sensitivity experiment. Section 4 presents a discussion of the results, and section 5 summarizes the conclusions.
Experimental approach
In the present work, the simulation capabilities of the GCM-driven RegCM are explored by performing ensemble integrations for the two extreme seasons (1983, dry in Nordeste; 1985, wet in Nordeste) . Likewise, the sensitivity of the nested model results to choice of domain is examined with an additional ensemble experiment. Table 1 summarizes these experiments.
The simulation experiments (GCONT83 and GCONT85) are performed to analyze the capability of the GCM-driven RegCM to simulate two extreme rainfall seasons. To accomplish this for each year, three GCM realizations are initialized on three consecutive days and forced by observed SST for the integration period, which is January-February-March-April-May (JFMAM, hereafter all month-long periods will be denoted by the first letter of each month). Lateral boundary conditions for three regional model realizations are derived from the GCM ensemble. Thus, it is essentially the SSTs that are forcing the differences between the two years in these experiments. These experiments em- Research has suggested that domain choice is critical for regional climate model studies. Seth and Giorgi (1998) showed that in midlatitudes a larger domain permits more internal model freedom, which is particularly important for sensitivity studies to local processes, such as soil moisture. The results of Part I showed that for the tropical South American region the reanalyses-driven RegCM large domain seasonal rainfall evolution followed the observed in all regions more closely than that from the control domain, which employs a grid of 110Њ latitude ϫ 145Њ longitude (Fig. 1a) . To test the sensitivity of the GCM-nested model simulation to domain size an ensemble integration for 1983 (GDOM83) utilizing a larger domain was performed (Fig. 1b) . As in Part I, the large domain includes tropical eastern Pacific and Atlantic Oceans, with a grid of 90Њ latitude ϫ 161Њ longitude, and due to computational constraints the horizontal resolution was reduced to 100 km. A test with the control domain at the 100-km resolution was performed to determine the effects of resolution change alone, and will be discussed with the results.
a. The Regional Climate Model (RegCM)
The regional model is the second version of the National Center for Atmospheric Research (NCAR) regional climate model (RegCM; Giorgi et al. 1993a,b) and has been described in Part I. A few details regarding the convective parameterization employed by the model are presented here. For details on other aspects of the model please see the references.
The convective precipitation in the model is parameterized by the Grell scheme (Grell 1993) . The Grell scheme approximates cloud as two-steady-state circulations. The bottom cloud level is found at the level of maximum moist static energy (h), from there onward saturation is assumed. At the level of minimum environmental moist static energy (h min ) downdraft occurs. The rainfall is given by R c ϭ I 1 m b (1 Ϫ ␤), where ␤ depends on the wind shear, I 1 is the condensation in the downdraft, and m b is the mass flux at the cloud base. It is sensitive to how much of the condensation of the updraft is reevaporated in the downdraft and the mass flux m b . The mass flux depends on the change of the available buoyant energy (ABE) and is given by
where the single prime represents the available buoyant energy changed by convection, the double prime represents nonconvective effects, and is a constant.
The global model used in this study is the third generation Community Climate Model (CCM3) developed at NCAR. CCM3 is a global spectral model with a horizontal T42 spectral resolution (approximately 2.8Њ ϫ 2.8Њ grid). The model has 18 levels in the vertical, with the model top at 2.9 mb. The model includes the diurnal and annual cycle, where radiative fluxes are calculated hourly. The model also includes a complete land surface scheme (LSM; Bonan 1996) . Other parameterized processes are cloud physics and cumulus convection [see Kiehl et al. (1996) for a complete description].
Deep convection in CCM3 is parameterized by the Zhang and McFarlane (1995) convection scheme (ZM scheme). In this scheme deep convection is represented by an ensemble of updraft and downdraft plumes. The ensemble of convective-scale updraft occurs when the atmosphere is conditionally unstable in the lower atmosphere. When precipitation is produced in the updraft, a downdraft occurs. The downdraft starts at or below the bottom of the updraft detrainment layer, which corresponds to the layer in which saturated moist static energy, h*, is minimum and penetrates down to the subcloud layer. In Zhang et al. (1998) , precipitation obtained with the ZM convection scheme as used in CCM3 is compared with the simulation in CCM2. The comparison with observation shows good agreement and an improvement over CCM2. Although the values of precipitation in the ITCZ are still somewhat small, a small secondary peak in the Atlantic at the South American coast is produced [at around 3ЊS in Fig. 1 of Zhang et al. (1998) ].
c. Observational data
The SST dataset used as lower boundary conditions in RegCM and CCM3 is the Reynolds weekly mean SST dataset processed by Shea et al. (1992) . The optimal interpolation (OI) SST analysis is produced weekly on a 1Њ grid. Before the analysis is computed, the satellite data is adjusted for biases using the method of Reynolds (1988) and Reynolds and Marsico (1993) . A description of the OI analysis can be found in Reynolds and Smith (1994) .
Model precipitation is compared with the Climate Prediction Center (CPC) Merged Analysis of Precipitation (CMAP). These global monthly precipitation fields are on a 2.5Њ ϫ 2.5Њ grid and were obtained by merging gauge data and satellite estimates (Xie and Arkin 1996) . Precipitation is also compared against the University of East Anglia (UEA) Climate Research Unit precipitation dataset (New et al. 2000) , which correspond to data from approximately 12 000 stations interpolated onto a 0.5Њ ϫ 0.5Њ grid.
Results

a. Nested model simulations: Remote forcing
Results from the remote forcing experiments focus on the ability of the GCM-nested model to reproduce the observed seasonal circulation, moisture transport, and rainfall, given the anomalous SST forcing in 1983 and 1985. These results are compared with those from the reanalyses-driven RegCM and also the reference observations from Part I. The analysis employs ensemble mean fields averaged from FMAM, which is the rainy season in Nordeste. The GCM reproduces the overall patterns of rainfall for both years well. It captures the extreme dry conditions over Nordeste in 1983 and wet conditions in that region during 1985. Compared with the observed estimates, the GCM somewhat overestimates rainfall in the western Amazon and tends to underestimate rainfall in the eastern Amazon. Note also that the ITCZ in CCM3 is shifted southward by about 10Њ in both years. The interannual differences are reproduced by the global model, with some problems in the exact spatial pattern. The maximum precipitation differences over the Atlantic are south of those observed, and the dry 1983 conditions in the western Amazon and southeastern Brazil are not captured.
The nested model (GCONT83 and GCONT85) simulations capture the difference between the two years, and improve the simulated rainfall in the eastern Amazon and in the southern Brazil, Paraguay region. However, the northeast shows excess rainfall compared both with the driving CCM3 and observations. It is interesting to note that the reanalyses-driven RegCM did not show such excess rainfall in northeast Brazil (see Fig.  6 of Part I). A closer look shows the nested model Atlantic ITCZ is located precisely where the CCM3 boundary conditions place it, approximately 10Њ south of the observed location in both years. This deficiency appears to be a result of nesting the two models and will be analyzed further. The western Amazon region is drier than the GCM and the observed rainfall estimates in both years. This tendency was also seen in the reanalyses-driven RegCM results given in Part I. 1983 , (b) FMAM 1985 , and (c) FMAM 1985 minus 1983 2) CIRCULATION The above described precipitation patterns were a consequence of circulation anomalies forced by the very different SST conditions in the two years. The 1983 warm tropical Pacific SST anomalies were associated with stronger upper-level (200 mb) westerlies over South America, with a very weak anticyclonic circulation over Bolivia, and anomalous convergence over Nordeste (consistent with lower-level divergence and therefore less precipitation). In 1985 a relatively strong Bolivian anticyclone was present, converging winds were found in the eastern Pacific and diverging winds over northeastern Brazil and the Atlantic ITCZ (see Fig.  4 of Part I). Figure 4 shows the upper-level circulation (200 mb) for (top) 1983, (middle) 1985, and (bottom) 1985 minus 1983. CCM3 and RegCM ensemble average winds are shown in the left column and right column, respectively. The observed winds are reproduced by CCM3 but in general are stronger than observations. In 1983 the upper-level westerlies are enhanced, but the converging winds over Nordeste are shifted southward in CCM3 compared with reanalyses. In 1985, the Bolivian anticyclone is not well captured. The circulation differences of the two years reflect these problems, so that no easterlies are seen over the continent. The nested model has similar upper-level wind patterns to CCM3, but slightly improves the representation of the Bolivian high in 1985.
The low-level circulation (850 mb) in 1983 was characterized by weaker northeast trade winds and stronger southeast trade winds, with diverging winds at most of the South American eastern coast. In 1985 the northeast trade winds were stronger and the region of confluence was farther south (see Fig. 5 of Part I), so that the difference 1985 minus 1983 showed enhanced convergence (dark shading) over Nordeste. Figure 5 shows seasonal mean 850-mb winds, CCM3 in the left column and RegCM in the right column. CCM3 reproduces the main features of the observed low-level circulation, but shows some important differences. These include reduced GCM wind speeds compared to reanalyses over the Atlantic in both years (differences are up to 5 m s Ϫ1 ) and the GCM does not capture well the interannual difference in the northeast trade winds, and therefore also misses the variations in the Atlantic ITCZ. Over the continent CCM3 has difficulties in capturing the northwesterly flow on the eastern flank of the Andes in both years.
The nested model forced by the above described CCM3 winds also reproduces the main features of the observed circulation, with some exceptions. In 1983, RegCM follows driving fields over the Atlantic, until meeting the continent, where winds slow down, forming a band of convergence (not shown) along the northern coast of Brazil. This is consistent with the excess rainfall seen along the northern coast in 1983. In the western Amazon the nested model winds slow down with respect to reanalyses and also with respect to CCM3 in both years, but especially in 1985, when the inflow was stronger than in 1983. The reduced wind speed in this region appears in all of the RegCM experiments, and a similar deficiency was seen in the reanalyses-driven results. Because the reanalyses are not constrained by many observations in the western Amazon and due to the limited extent of these integrations, it is difficult to determine whether this is a RegCM bias. However, the reduced winds are associated with reduced moisture transport into the western Amazon, and thereby consistent with the underestimation of rainfall there. 
4) DISCUSSION OF SIMULATION ERRORS
In the previous section the main characteristics of the ensemble mean nested model simulations were presented. Although the main differences between the two years were captured by the nested system, two deficiencies have been noted. First, the overestimation of precipitation over Nordeste is present in neither the GCM nor the reanalyses-driven RegCM, but does appear to be related to the location of the ITCZ in the global model.
Monthly rainfall and circulation fields were examined to explore this relationship further, and are discussed briefly (figures not shown). The Atlantic ITCZ in 1983 exhibited small latitudinal variation; its southward migration was limited, with an early northward retreat. The observed maximum precipitation is centered at 5ЊN in January moving to 2ЊN in February and March and then back to 5ЊN in April and May, with largest precipitation amounts in April. In comparison, in CCM3 the maximum precipitation over the Atlantic is centered at 2ЊS in January migrating farther southward and reaching 8ЊS in March and April. Only in May does the ITCZ in CCM3 coincide with observations (at about 5ЊN). The same southward bias is found in the 1985 simulation, especially in May when the observed ITCZ is located at 5ЊN and in CCM3 at 7ЊS.
The excess rainfall produced in the 1983 simulation by the nested model over northeast Brazil is also related to a bias in CCM3 sea level pressure (SLP) in the tropical Atlantic, which is inherited by RegCM. SLP in both CCM3 and the nested model is approximately 1 mb higher than the reanalyses SLP over the ocean, over the continent the difference is reversed, for the season. In addition the nested model near surface easterlies off the coast of Brazil slow down considerably when meeting the continent, which results in a band of convergence along the coast. This convergence is not seen in the reanalyses, nor in CCM3, nor in the reanalyses-driven regional model (RCONT83), and is consistent with the excess rainfall seen in the nested model.
The second deficiency, reduced rainfall over the western Amazon appears to be associated with weak winds and moisture transport into the Amazon basin. While this error is stronger in the reanalyses-driven experiments, it does appear in the GCM-driven experiments as well. Thus, there is likely to be a source of error in the RegCM. This will be addressed again in the discussion section.
Although the boundary conditions derived from CCM3 force the convergence zone farther south than seen in observations, in the nested model two convergence zones appear to be simulated, one following the observed ITCZ (5ЊN) and the other following CCM3 (5ЊS). This double ITCZ in the nested model is espe- cially strong in March and April 1983, the rainy season in Nordeste. This result is of particular interest because it appears that the choice of the control domain constrained the regional model to follow closely the largescale circulation imposed by the driving fields. In this case, CCM3 has a systematic error in the low-level winds and therefore in the position of the ITCZ in the Atlantic. However, the regional model appears to locate rainfall also in the region of the observed ITCZ, perhaps in response to the observed SSTs. The question follows: if a larger domain were employed, which 1) prescribed CCM3 boundary conditions farther in the eastern Atlantic and central Pacific, where there is more skill; and 2) would permit the RegCM freedom to simulate intermediate scales, not well resolved by the GCM, is it possible that the nested model could improve upon the location of the ITCZ, particularly in 1983?
b. Nested model sensitivity: Domain choice
To assess the sensitivity of the nested model results to domain size and location of applied boundary conditions, the ensemble integrations for 1983 were repeated using the extended domain shown in Fig. 1b . Because the global model does not resolve well the steep topography of the Andes, the lateral boundaries of the large domain were chosen to be at a distance from the Andes region, where the GCM has more skill. This also permits the RegCM to internally simulate the eastern branch of the Walker circulation, as well as the Atlantic ITCZ.
In order to render this large domain computationally feasible, the RegCM horizontal resolution was degraded from 60 to 100 km, which has an impact on the representation of the topography as can be seen in Figs and 1b. In Part I, results from a test experiment for the control (small) domain at the two resolutions were presented (see section 3c in Part I). The conclusion was that the sensitivity to the change in local forcing was not affected by the change in resolution. The difference in precipitation (not shown) resulting from the resolution decrease included less rainfall in the SACZ and a small southward shift of the ITCZ in the 100-km resolution run. The seasonal mean precipitation from the large domain nested model experiment (GDOM83) and the differences with the control domain experiment (GDOM83 minus GCONT83) are shown in Fig. 7 . The improvements are related to the convergence zones in the Atlantic. The large domain shifts the primary convergence band and rainfall between the equator and 5ЊN, near the observed, rather than at 5ЊS in the control domain. Recall that the resolution effect alone would tend to shift the ITCZ southward. Hence, the nested model large domain has the ability to improve upon the location of the ITCZ. In the Amazon, especially in the northwestern region, the large domain produces more rainfall, improving over the control domain. However, on the western flank of the Andes more precipitation than in the control domain is produced. The rainfall in the SACZ is also qualitatively improved in the large domain, but its position is shifted northward.
The improved precipitation is consistent with improvements in the simulated circulation. The simulation of the upper-level winds in GDOM83 are improved over GCONT83 in two aspects, first a weak anticyclonic circulation over Bolivia is similar to that observed (Fig.  8a) , and second, the winds over Nordeste and the adjacent ocean are well simulated in GDOM83. These improvements are not found in the lower-level wind simulation (Fig. 9) . Finally, Fig. 10 shows that the VIMT is improved in the large domain runs as well.
The improvement in simulated rainfall is largest in April. Figure 11 zooms in to the region of Nordeste, showing April mean precipitation, SLP, and near-surface winds, from GDOM83 in the left column and GCONT83 in the right column. During April, there were large differences in the precipitation amounts between observations and GCONT83. The nested runs have two strong regions of rainfall over the Atlantic, located at around 2ЊN and 5ЊS. This second ITCZ (at 5ЊS) is mostly eliminated in GDOM83. The near-surface winds in the large domain are stronger and more southerly compared to GCONT83, so that the confluence of the northeast and southeast trade winds is farther north than in GCONT83. This improvement in the winds in the region can be attributed to the improved simulation of SLP in GDOM83. Figure 12 shows the evolution of the monthly mean precipitation averaged over three different areas, Nordeste, the Amazon basin, and southeast Brazil, which correspond to the three main centers of convective activity in South America and have very different rainfall regimes. For each region, the Xie-Arkin and UEA data are shown together with the ensemble average of CCM3, GCONT83, and GDOM83. In Nordeste, observations show maximum precipitation in February and March and then a sharp decrease in April and May. CCM3 area-averaged precipitation is quantitatively correct when averaged over the season, but does not follow the observed monthly evolution. The seasonal evolution is well simulated by the nested model, although the excess in precipitation is apparent through March. The large domain experiments also capture the seasonal evolution well, but continue to overestimate rainfall in all months except in April and May.
Discussion
In the Amazon, monthly precipitation increases from January to April, followed by a decay in May, although there is some uncertainty between the observational estimates for this region. CCM3 maximum rainfall is seen in March with a decrease in April and May. Both control and large domain nested model experiments capture the seasonal evolution, but underestimate the amounts of rainfall in the early season. Recall that winds in the western Amazon are slower than observed and the moisture transport from the Atlantic into this region is small compared with the reanalyses. The simulation employing the larger domain does however marginally improve the rainfall as well as the VIMT in the northern Amazon. This improvement is due to a better representation of the low-level winds in the region. The north Atlantic trade winds in the large domain experiment penetrate farther into the continent and are not deflected northwestward as happens in CCM3 and to a less degree in GCONT83.
Finally in southeastern Brazil maximum precipitation is seen in January, which then declines to a minimum during May. CCM3 captures the evolution, but under- estimates precipitation in February and March. The nested model simulations show excess rainfall in January and February in this region, but a better agreement with observations than the GCM is found for the remainder of the season.
a. Internal variability
Few studies have examined internal variability in regional climate models. Giorgi and Bi (2000) examined the effects of perturbations in lateral boundary conditions (LBC) and initial conditions (IC) in a series of integrations over east Asia. They found that regional model internal variability is independent of the source of perturbation (LBC or IC) and although error growth is limited by the boundary forcing, the amount of error growth is largest during summertime weather regimes, where physical processes are more dominant. They also note in their experiments internal variability was at times larger than model sensitivity to soil moisture. Christensen et al. (2001) showed that their regional climate model exhibited internal variability in response to a freely evolving land surface in experiments with repeated annual lateral boundary forcing. Here the internal variability of the nested modeling system is compared with that of the driving GCM, by examining the individual realizations of the ensemble integrations for the 1983 control and large domain nested experiments. Remember that in these experiments the global model is forced with observed SSTs and initialized on three consecutive days. Figure 13 shows the evolution of the monthly precipitation averaged over Nordeste, the Amazon, and southeast Brazil. For each region, the Xie-Arkin and UEA data (blue lines) and the three realizations of each of the GCM (purple lines), GCONT83 (green lines), and GDOM83 (red lines) are shown. Average rainfall from the reanalyses-driven RegCM integrations RCONT83 and RDOM83 (orange lines) are also shown. The variance within the GCM realizations is relatively small in Nordeste and slightly greater in the Amazon region. The southeast shows the greatest precipitation variability in the GCM ensemble. The control domain nested model To further analyze the internal variability of the GCM and RegCM the regional bias is computed for sea level pressure and low-level winds between reanalyses fields and the model realizations. Figure 14 shows the temporal evolution of the monthly mean biases between reanalysis and each GCM realization (purple lines), each nested model realization (green lines), and each large domain nested model realization (red lines). The biases computed for the reanalyses-driven RegCM (orange line) are also provided.
The nested model control realization biases follow those of the GCM quite closely for SLP in Nordeste and the Amazon, but exhibit more spread in the southeast. This large ensemble variability found in southeast Brazil, exists where the summer precipitation is due to low-level convergence and moisture advection that is largely influenced by the South Atlantic anticyclone (Lenters and Cook 1995) . Since the simulation of the South Atlantic anticyclone in CCM3 is highly variable, it is not surprising that GCONT and GDOM ensembles respond to this by showing large variability in the rainfall simulation in that region.
As expected the biases computed for both SLP and wind speed from the reanalyses-driven RegCM are relatively small, with the notable exception being the Amazon region. Here the low-level winds show a fairly constant positive bias in all of the RegCM integrations, which implies weaker than observed northeasterlies in the region.
This analysis shows that the spread within a threemember ensemble of the nested model is generally larger than that from the GCM, particularly for precipitation. This implies that the RegCM itself has significant in- ternal variability and is consistent with results of Giorgi and Bi (2000) . It also suggests that when designing sensitivity studies with a regional climate model, ensemble or perturbation experiments are likely needed in order to be conclusive.
b. Domain effects
The nested model not only downscales CCM3 circulation but can also improve upon it, especially when given more internal freedom to determine the circulation as is the case in the larger domain experiments. Locating the boundary forcing in regions where the GCM circulation is more skillful and increasing the spatial scales which can be represented by the RegCM does allow the nested model to modify and improve the location of the ITCZ. This result is largely due to the simulation of SLP in the large domain experiment, which is improved from the control experiment. The lowest pressure is found in a band over the Atlantic with values closer to reanalyses values.
The issue of the sensitivity of the climate simulation to domain size has been investigated by a number of authors (e.g., Seth and Giorgi 1998; Jones et al. 1995 in the midlatitudes). In particular Bhaskaran et al. (1996) performed several nested integrations for three domains to simulate the Indian summer monsoon. They concluded that for tropical or subtropical latitudes the influence of the large-scale forcing remained outside even in their largest domain and therefore the regional simulations were less sensitive to the location of the boundaries than in their midlatitude domains. The large domain employed in the present experiment is 14.5 ϫ 10 7 km Ϫ2 , which is still greater than their large domain (5 ϫ 10 7 km Ϫ2 ) and does include some of the large-scale forcing within the domain. Thus, our domain experiments show significant changes in the precipitation simulation and circulation in the larger domain, not only
in the Atlantic region, near the lateral boundary, but also over the Amazon, at the center of both domains.
Conclusions
This study presents results from a GCM-driven RegCM with the goal of examining two sensitives: 1) the effects of remote (or SST) forcing and related atmospheric circulation boundary forcing on two anomalous rainy seasons in northeast Brazil; 2) the effect of domain size/location of boundaries in a tropical setting. Results were presented from three 5-month climate experiments of a nested climate model over tropical South America.
Seasonal integrations for JFMAM 1983 and 1985 demonstrated that by prescribing observed SSTs and applying CCM3-derived forcing along the boundaries of the control domain, the nested model is able to simulate the observed climate and capture the interannual variability. This implies that there may be potentially useful information from the nested system given enough integrations such that systematic errors could be removed. However, CCM3 has systematic errors that are enhanced in the nested model despite the fact that the RegCM does well when driven by reanalyses forcing. The southward bias found in CCM3 in the Atlantic ITCZ produces spurious rainfall in RegCM. While the RegCM physical parameterizations (boundary layer and convection) respond well to low-level wind and moisture fields from the reanalyses, those fields from CCM3 yield a degraded response. These results imply that good anomaly correlation skill is a necessary but insufficient requirement for a GCM to provide driving fields. The large-scale low-level wind and moisture fields are essential in a nested modeling system.
The results of Part I showed that the large domain rainfall simulation was improved in the northeast, the Amazon, and the southeast regions of Brazil over that of the control domain. It was found also that boundary interference occurred in the control domain sensitivity to land use. In the present GCM-driven RegCM results the sensitivity to domain size also shows improvement in the simulation. By allowing the RegCM to generate aspects of the large-scale circulation internally, the position of the ITCZ is better simulated. The seasonal evolution of rainfall is somewhat improved in the large domain nested model, although the excess rainfall in the northeast remains.
Results showed that the internal variability of the nested model is significant. Thus, the sensitivity of the RegCM to deforestation, as performed in Part I, may be of similar magnitude to the internal variability of the RegCM. In addition, the sensitivity to initial soil moisture, which is an important factor in the midlatitudes, has not been explicitly isolated in this study. It is suggested, therefore, that rigorous deforestation and soil moisture sensitivity experiments are needed that 1) employ high-resolution models to examine the effects of mesoscale circulations such as the low-level jet, 2) include feedback to large scales, and 3) are designed to address the issue of internal model variability.
By nesting a mesoscale model into a GCM, the regional model can only add information at the scales permitted by the size of the domain employed. Synoptic scales (which can be resolved by 100 km) are often poorly done by both the GCM and the regional model and will limit the utility of downscaling. If, for example, the Andean barrier affects the mean seasonal migration of the Atlantic ITCZ, then neither the GCM, nor the RegCM (using our control domain) would perform well. Thus, particularly in the Tropics, it is possible that synoptic scales can be improved upon by employing a large domain with intermediate resolution. While nested models have potential to improve circulation errors in GCMs, the skill of the nested model is strongly influenced by the skill of the GCM.
